The James Webb Space Telescope (JWST) will carry on exploration of the early universe with a 6-m exposed primary mirror and cryogenically cooled instruments. The mirror and its instruments will perform extremely deep exposures at near infra-red wavelengths (0.6-30 microns), and will operate for 5-10 years. The contamination effects of foremost concern on JWST are those of scatter due to particulate contamination on the primary mirror, loss of transmission from particulate, molecular and ice contamination, and loss of detector operation due to ice forming during cool-down of the observatory. The effects on JWST science of these contamination sources will be described together with how requirements for cleanliness levels were subsequently established.
INTRODUCTION
JWST is a large, passively cooled telescope that is designed to operate between 0.6-29 µm. The primary mirror is 6.5 m diameter and is made up of 18 primary mirror segment assemblies (PMSAs). Two 3-segment "wings" of the primary mirror stow for launch and are deployed once on orbit. Passive cooling to 40K of the telescope and instruments is primarily accomplished with a deployable sunshield that is approximately the size of a tennis court. JWST will be designed to travel to a Sun-Earth L2 orbit for a 5 year science mission with a 10 year goal. JWST's mission objectives, depicted in Figure 2 , are to detect First Light in the Cosmic Dark Age, to study the reionization initiated by First Light, the assembly of galaxies, the birth of stars and protoplanetary systems, and the origins of life by providing infrared imagery and spectroscopy. The goal to detect First Light leads to the need for the large optical collection area, which must also be very sensitive. Such a large optical surface is challenging to get into space, so to do this and keep it sensitive requires getting there as clean as possible. To lose precious collecting area to contamination would be to waste area that is so difficult to get into space and so necessary for the mission. Contamination issues arise from the wavelength range of 0.6-29 µm, which requires minimization of particulate contamination and cold temperatures (30-50K) in order to prevent near infrared (NIR)and thermal stray light, and minimization of particulate, molecular and water/ice contamination for maximum transmission. The design to cool passively leads to an open architecture for the optical telescope element (OTE), which presents the challenge of maintaining cleanliness throughout assembly, integration and test (AI&T) in a multitude of environments. Juxtaposed with the OTE's open architecture is the enclosed Integrated Science Instrument Module (ISIM), which will cause the instruments to be inaccessible after ISIM is mounted to the OTE (this will not be discussed in this paper). Because AI&T is a very long process, even the cleanest of environments will pose a challenge for the 25 m 2 of exposed primary mirror area and the unreachable instruments, each with its own sensitive pick-off mirror (POM).
Due to the extraordinary challenge that achieving and maintaining OTE and instrument cleanliness will pose, it has proven crucial to determine the cleanliness levels required to achieve JWST's sensitivity requirements. While "the cleaner the better" is particularly true for JWST's mission, it will be so expensive to maintain cleanliness on such a large and complicated system that the project needed to know what would be absolutely necessary to achieve its science mission. This paper will cover the process, to date, of establishing the OTE cleanliness requirements.
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The JWST Level 2 mission requirements (MR) from which cleanliness requirments are derived are the following. Each is summarized below and will be expounded on.
MR-51 is the requirement for observatory sensitivity. Sensitivity is measured in W/m 2 Hz for SN and R values, and is determined by calculation for each instrument. Ultimately, sensitivity effects the integration time necessary to make an observation. Both stray light and transmission effect the sensitivity.
MR-121 is the requirement for stray light. Stray light spectral radiance level is measured in Mega Janskeys (MJy); 1 MJy/sr = 1x10-20 W/m 2 -Hz-sr. Particulate contamination increases stray light radiance.
MR-211 is the requirement for optical transmission, measured in percentage. The required % transmission accounts for transmission losses from coatings, dust, obscuration, meteoroid damage, and contamination. Thin film interference by non-volatile residue (NVR) and water/ice and percent area coverage (PAC) of particulates effect transmission.
THE SENSITIVITY REQUIREMENT (MR-51)
The observatory system shall reach the sensitivity performance levels shown in the following The time it will take to measure a 1nJy source -that of "First Light" at 2mm to a S/N =10 is sensitive metric of the absolute science performance of the JWST mission. If stray light exceeds requirements and transmission does not meet requirements, the prime science mission of detecting First Light would be challenged.
First light is expected to be in the red shift range as high as z = 15-20, based on WMAP observations (Figure 4) . The higher the red shift value of z, the longer the integration time is required to detect light at that z. For a reference, the longest integration performed by HST (as of February 2006) is 1 MSec, which is 11 ½ days.
In order tof JWST to detect first light, a series of 1 MSec exposures with up to 5 different filters need to be accomplished in a single pointing direction. Since each of these exposures will take 10 or more days, then observation in just one deep field direction would require up to 2 months. Contamination will decrease sensitivity and increase the number of days required for each of these exposures. In addition, a series of exposures will need to be performed in numerous deep space directions in order to find First Light. This adds up to a high percentage of mission time; the more time required the less time JWST will be available to take observations for the rest of its considerable science ability. As it is for all IR telescopes, stray light is a significant contributor to sensitivity loss. In the ongoing calculations to determine JWST's sensitivity, NIR stray light has been one of the greatest threats to meeting the requirement. The culprits for stray light are particulate contamination and leaks in the optical path (known on JWST as "rogue" and "truant" paths). Particulate contamination will reflect unwanted light from the Zodiacal (or Zodi) background -both in and out field, the galactic sky, the earth and moon, and nearby bright field stars.
The JWST observatory optics is the Optical Telescope Element (OTE) and consists of the Primary Mirror (PM), Secondary Mirror (SM), Tertiary Mirror (TM) and Fine Steering Mirror (FSM). The PM is made up of 18 beryllium primary mirror segment assemblies (PMSAs). The TM and FSM make up the Aft Optical System (AOS); this system is enclosed. In order to determine the particulate cleanliness levels required for the OTE to achieve the stray light requirements at 2.0 and 3.0 µm, stray light levels were calculated for 3 different cleanliness levels: 0.5% PAC, 1.0% PAC, and 2.0% PAC, see Figure 7 . The size distribution of the particles in a given PAC were assumed to be that of IEST-STD-CC1246D, Product Cleanliness Levels and Contamination Control Program. This size distribution is heavily weighted for small particles, which reflects that of a surface that has been cleaned rather than one that has reached the same PAC by fallout alone. This is because the smaller particles are much harder to remove with cleaning and therefore a high percentage will be left behind after cleaning. Assuming this size distribution leads to conservative results. At the time these calculations were performed, the requirement for particulate cleanliness of the PM and SM was set at 1.0% PAC. Predictions of contamination level at the time indicated that with the anticipated AI&T schedule, 0.5% would be impossible to meet without epic contamination control measures, but 1.0% would be feasible to meet, as shown in Figure 8 below. The NIR stray light levels calculated with 1.0% PAC on the primary and secondary mirrors were accepted as the most achievable given the information available. The cleanliness levels for the TM and FSM were set at 0.5% PAC, which was the value used for calculations in Figure 7 above. Further refinements to stray light calculations were later performed as design measures to decrease stray light were incorporated, such as a frill on the primary mirror and a mask on the AOS. The next analysis of NIR stray light levels, with the PM and SM at 1.0% PAC and the TM and FSM at 0.5%, were calculated and are shown in Table X below. The stray light levels, as the table shows, were only marginally compliant at 2.0 µm and non-compliant at 3.0 µm with the MR-121 requirement. In addition, further refinements to predictions of particulate accumulation showed that 1.0% PAC on the primary mirror would be more challenging and costly than previously expected, requiring aggressive mirror covering techniques considered to be unacceptably risky. The same predictions showed that without any covering throughout AI&T, 1.4% PAC could be met on the primary mirror, (see Figure 10) . Furthermore, the secondary mirror could meet far cleaner levels because it is smaller and face down throughout most of AI&T. And if necessary, cleaning of the SM would be feasible. Baseline -without covering Scenario 1 -with non contact cover employed in SSDIF and at JSC Scenario 2 -with combination of contact and non-contact covers
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With this information, calculations were performed for stray light with the PM relaxed to 1.5% PAC and the SM tightened to 0.5% PAC. The results of these calculations are shown in Figure 11 , with the rows in yellow being those that involve scattering from particulate contamination on the PM or SM. The change in stray light maintains marginal compliance with the requirement at 2 µm. Because the margin is tight, this relaxation on the PM was considered acceptable if there were other techniques that could improve stray light performance. These techniques included the increases to the PM closeouts and improved masking and baffling in the AOS previously mentioned. Stray light calculations with these scenarios did show that other methods could be implemented to improve stray light levels, and therefore the OTE particulate requirements could be adjusted without relaxing the mission's stray light requirements. 
THE TRANSMISSION REQUIREMENT (MR-211)
Accounting for all effects on mirror transmission including: coatings, dust, obscuration, meteoroid damage, and contamination, the End of Life (EOL) optical spectral transmission of the OTE shall be greater than the values shown in the following table for wavelengths between 0.8 micrometers and 2.0 micrometers, and greater than 88% for wavelengths from 2.0 micrometers to 27 micrometers, with transmission out to 29 micrometers as a goal. The effects to consider for contamination impingement on transmission are those of particulate, ice and NVR which will interact and interfere with light passing through the mirror coatings. The particulate levels have been set; with tese determined, what ice and NVR levels will be acceptable?
Wavelength
Ice primer
As shown in the following graphs, ice absorbs light. Transmission will be profoundly affected by ice thickness in a key wavelength at 3.1 µm, a key wavelength for JWST ( Figure 13 ). The first place to go to determine the affect would typically be to Beer's Law ( figure 14) . However, for JWST Beer's Law does not account for almost all of the physics in play. Beer's Law ignores polarization, multiple reflections, and the multi-layer coating used on the PMSAs (figure 15). 
Thin film calculations
In order to perform thin film calculations, the OTE mirrors, clean or contaminated, are treated as a system of films on a gold substrate (figure 16). Reflectance depends on the optical properties of gold, SiOx, and the contamination. This leads to a complex index of refraction, obtained from: -Gold and SiOx (SiO2) from Palik -Ice from Warren -NVR-"literature" -Angle of incidence (AOI), polarization and wavelength of the incident light Figure 16 OTE mirrors coating system
Thin film analysis calculations that included all of these effects were performed for the OTE mirrors. Reflectance of the mirrors were calculated for various AOI, ice and NVR films. Because the indices of NVR is specific to the species, and the species are unknown, the relevant n and k indices of refraction are unknown. In order to address this, n and k values were inserted for an NVR layer in the TFI calculation, and then thickness determined for a 1% reflectance at normal incidence (circled area in Figure 17 ). From the literature referenced above, we can assume that the likely NVR species have n and k values in the green circle.
Figure 17 NVR thickness as a function of n and k: From this graph, with Level A NVR of 1 mg/cm 2 , and assuming NVR with 1.2 g/cc density, 1% loss occurs at approximately 8 nm of NVR thickness.
Integrated telescope transmission calculation
Finally, the integrated telescope transmission was then calculated with the reflectance using contamination as described above, a modified film thickness stack that includes ice and incorporates AOI effects, the PAC for each OTE mirror, and both polarizations. (Figure 18. (2) The values specified for the OTE Primary Mirror are representative of an average of the 18 PMSAs.
SUMMARY
In summary, JWST is a challenging mission in all respects, not the least of which is contamination control. The science of JWST is very sensitive to particulate, molecular and water/ice contamination. At the same time, the mission demands an open architecture which means the contamination levels must be absolutely necessary in order to put the resources that will be required into meeting them. As described in this paper, the contamination requirements established for JWST are directly derived from the mission requirements for sensitivity, stray light, and transmission.
